Groundwater is a vital resource to support food and freshwater security in India. Changes in climate and anthropogenic activities affect groundwater storage. Here, we examine the role of precipitation and policy changes on groundwater storage in western India (WI) using observed well data from Central Groundwater Board (CGWB) and satellite data from Gravity Recovery and Climate Experiment (GRACE) to understand the linkage between climate and groundwater variability from 1996 to 2016 and 2002 to 2016, respectively. We find that terrestrial water storage (TWS) and groundwater storage from GRACE have declined (with a rate of − 3.67 km 3 /year) in WI during 2002-2016. Analysis of groundwater storage change in two states (Gujarat and Rajasthan) of WI reveals contrasting patterns associated with observation wells and GRACE groundwater storage. Precipitation has increased in WI during 1996-2016, which is strongly coupled with the variability of groundwater storage associated with observation wells which are mostly available at shallow levels. However, groundwater storage, as revealed by the GRACE data, is prominently linked with groundwater pumping and policies related to reducing the amount of groundwater abstraction for irrigation. Rejuvenation of groundwater storage in Gujarat can be attributed to less number of deep tube wells as well as to the policy measures (e.g., electricity supply for irrigation) taken to reduce groundwater pumping for irrigation. On the other hand, groundwater depletion in Rajasthan is primarily due to groundwater pumping for irrigation. Our results highlight the need for managing groundwater resources in semi-arid western India.
Introduction
Groundwater is the largest resource of fresh water in the world that is highly accessible and less prone to quality degradation and droughts in comparison with surface water [1] . About 1.70 billion people in the world live in the regions where groundwater is under stress, and surprisingly 60% of them are in India and China [9] . In India, groundwater is being withdrawn at the rate higher than replenishment [31] . About 65% percent of irrigation and 85% of drinking water demands in India are met by groundwater, making it a critical and vulnerable resource [42] . In the past 40 years, India has expanded groundwater-based irrigation and reduced the use of surface water storage and gravity flow [20, 34] . In north India, groundwater is depleting with an alarming rate, which creates a potential risk of food and fresh water security in one of the most populated regions in the world [2, 31, 38] .
Both anthropogenic and climatic factors affect groundwater in India [2, 31] . Precipitation contributes about 68% to India's annual replenishable groundwater resource while return flow from irrigation; canal seepage; and recharge from ponds, tanks, and water conservation structure constitutes about 32% [7] . Precipitation intensity and changes in precipitation amount affect groundwater recharge and abstraction, which in turn can influence the long-term variability of groundwater storage [2, 3] . Long-term changes in precipitation and temperature not only can affect groundwater storage but also can influence groundwater abstraction [39] . Additionally, increasing temperature causes high evapotranspiration (ET) [6, 21, 22] , which depletes soil moisture storage resulting in increased irrigation demands [22] . Increased irrigation demands are often met by groundwater withdrawal in many agricultural intensive regions [43, 44] .
While groundwater resources are vulnerable to climate change [8, 9, 11, 14, 39] and anthropogenic factors [2, 31] , policies related to groundwater use can also play an important role [5] . For instance, subsidized electricity indirectly promotes groundwater pumping in many states in India and reduction in subsidy can be a useful measure of groundwater management [34] . Semi-arid western India is a hot spot for groundwater withdrawal as well as changes in climate [33] . The region has experienced changes in precipitation and air temperature during the recent decades [36] as well as a policy intervention to curb groundwater withdrawal [35] . Bhanja et al. [5] using data from observation wells from CGWB reported that policy intervention related to electricity supply for agriculture had rejuvenated groundwater in western India. However, Bhanja et al. [5] used CGWB well data that comprise mostly shallow groundwater levels and do not consider the deep wells from where most of the groundwater pumping for irrigation happens.
Despite the findings reported by Bhanja et al. [5] , it remains unclear if the policy intervention has rejuvenated groundwater in western India or groundwater variability in western India is largely driven by climate (precipitation and temperature). To develop a complete understanding of groundwater variability and their drivers (natural and policy-related), there is a need to consider both shallow and deep groundwater. Here we analyze the relationship of groundwater storage (based on observation wells and GRACE data) with the climate in western India. We also discuss the implications of different groundwater-related policies by performing state-wise analysis for the two states (Gujarat and Rajasthan) in western India, one (Gujarat) with strong groundwater policies and the other (Rajasthan) with flexible or no policy to curb groundwater pumping for irrigation. We use data from GRACE and observation wells (CGWB) for western India for 2002-2016 and 1996-2016, respectively.
Data and Methods
Our study domain includes the states of Rajasthan (RJ, Area: 342,239 km 2 ) and Gujarat (GJ, Area: 196,024 km 2 ) located in semi-arid western India (WI) (Figs. S1 and S2). Rajasthan has 33 districts (administrative units) and a total population of 68.55 million while Gujarat has a total population of 60.38 million (census 2011). Principal aquifer system in WI is mostly alluvium and basaltic with higher specific yields in Rajasthan and with relatively lower specific yields in Gujarat ( Fig. S2 ). Western India falls under "sub-tropical arid climate" and "sub-tropical semi-arid climate" zone ( [27] ; Fig.  S3 ) as per the Köppen's classification, which are the most vulnerable agro-ecological zones to climate change [29, 37] .
Groundwater-based irrigation is dominant in WI with over 10 million ha area irrigated with groundwater [20] . About 85% and 55% wells are located ( Fig. S1 ) in the range of 0-40-m aquifer while about 15% and 45% wells are located in the deeper than 40-m aquifer in Gujarat and Rajasthan, respectively [20] . The number of tube wells placed deeper than 40 m in Rajasthan has increased drastically (more than double) in the 5th minor irrigation census (2013-2014) in comparison with the 4th minor irrigation census (2003) (2004) (Fig. S1 ). Pumping (regarding volume) from these tube wells is about 15 times higher than that of shallow tube wells [20] .
We used groundwater well level observations from CGWB, which are available for January, May, August, and November (four times a year) for the period 1996-2016 [2, 3] . We obtained data from more than 2000 wells and checked for consistency and missing values. We then selected wells with less than 20 missing values in a continuous record of 21 years (1996-2016) in western India. Finally, we selected 640 (406 for GJ and 234 for RJ) wells with the majority (more than 98% of wells less than 40 m below ground level) in WI for 1996-2016 period.
A majority of CGWB wells are located in less than 40-m aquifer system, while groundwater pumping for irrigation mostly occurs from the deeper aquifers with high yield. Therefore, to understand the groundwater storage variability, we use GRACE satellite data. GRACE groundwater captures the response of climatic (precipitation and temperature) and anthropogenic (pumping) factors on groundwater storage variability [2] . In contrast, shallow groundwater wells may not represent the influence of groundwater pumping for irrigation. Therefore, the differences between groundwater from wells and GRACE can provide us an indirect measure of climate and anthropogenic influence on groundwater storage variability. not required. Both of these products (CSR and JPL) do not extensively suffer from leakage and measurement errors [4] . Scaling factors (in JPL) were applied to each grid point to restore the attenuation caused by different factors [13, 41] . As these data are available at different spatial resolutions, we regridded these data to 1°(which is consistent with the resolution of land surface models (LSMs)) using methodology described by Maurer et al. [18] . We took ensemble mean of two regridded products (JPL and CSR) for our analysis related to groundwater storage variability to minimize the uncertainties [16] associated with the individual processing of JPL and CSR products.
We subtracted anomalies of surface water storage (soil moisture and canopy water) from the TWS anomaly to derive GRACE groundwater storage anomaly as described by Asoka et al. [2] . We used simulated soil moisture and canopy water from the three different LSMs. We used monthly data from CLM, Noah, and VIC that are part of the Global Land Data Assimilation System (GLDAS) [30] . Surface water storage from GLDAS does not consider reservoir storage. However, as our study domain is located in the semi-arid western India, the contribution of reservoir storage in TWS anomaly may not be substantial.
We compared TWS anomaly estimated from the three LSM against the TWS anomaly from the GRACE. TWS anomalies from LSMs were computed using the method described by Livneh and Lettenmaier [15] , which considers the difference of precipitation (P) and the sum of ET and total runoff (TR) as TWS change. We compared LSMs and GRACE-derived TWS anomalies for western India and found that GLDAS LSMs capture the observed variability and seasonal cycle of GRACE TWS anomaly (Figs. S4, S5, S6). We find that there are differences in LSMs-driven TWS anomaly, which is attributable to model parameterization and depth of soil column [23, 40] . For instance, there is a considerable difference between the CLM and Noah/VIC TWS anomalies in western India, which might be associated with the deeper soil column of the CLM [23] . Since these differences can cause uncertainty [40] in the estimates of groundwater anomaly from GRACE, we consider the ensemble mean of GRACE groundwater anomaly estimated using the three LSMs for our analysis.
Then, we compare well level measurements and GRACE anomaly to examine the relationship between well and GRACE groundwater storage. GRACE measurements consider variability in groundwater storage (deep and shallow), which can help us to understand the climate and policy implications on groundwater in WI. On the other hand, groundwater wells that are mostly located in the shallow water table may not effectively reflect the influence of groundwater pumping. To standardize GRACE and well levels, we first subtracted the long-term monthly mean from each month value and then divided by monthly standard deviation. Further, we computed the area -averaged standardized anomaly by considering the mean of the standardized value of each month at each location.
Precipitation and surface air temperature data were obtained from the India Meteorological Department (IMD). IMD provides daily precipitation and maximum and minimum temperatures at 0.25°spatial resolution. The gridded precipitation product [26] was developed using observations from 6995 rain gauge stations using the inverse distance weighted interpolation scheme proposed by Shepard (1968). Daily surface air temperature-gridded data were developed using 395 meteorological stations located in India. We estimated annual mean precipitation and temperature climatology over WI using the long-term gridded dataset (1951-2016) from IMD. We used a non-parametric Mann-Kendall's test [12, 17] and Sen's slope estimator [32] to estimate trends in groundwater level, annual precipitation, and air temperature.
Groundwater storage takes time to reflect the effect of precipitation, which depends upon the soil and aquifer properties, and other factors (vegetation). Asoka et al. [2] suggested a 12month standardized precipitation index (SPI) for north-western India to compare with groundwater storage. To identify the relationship between well groundwater with precipitation, we compared 12-month SPI with the standardized well level anomaly (SWA) for January, May, August, and November. To understand the relationship between GRACE groundwater with climate, we performed a correlation analysis between SPI for 12, 24 and 36 months and standardized GRACE anomaly as GRACE considers both shallow and deep groundwater which may take more time to reflect the influence of precipitation. To estimate the relationship between groundwater from in situ observation wells and surface air temperature, we compared the groundwater level anomaly (computed by removing long-term mean for a particular month) with the annual mean temperature. Apart from the correlation analysis, we used the Granger causality test [10] to evaluate the cause and effect relationship between climate and groundwater storage variability (groundwater based on CGWB). If the F value is less than the critical F value, then the two variables can be explained by the cause-effect relationship. The test was conducted between groundwater from GRACE and wells and precipitation in western India.
We estimated recharge in groundwater (based on well data) due to the monsoon precipitation to detect the effect of rainfall in groundwater rejuvenation. We used the water level fluctuation method [2, 3, 7] for groundwater recharge estimation. To compute recharge during the monsoon season, we used the difference in the pre-(May) and post-monsoon (November) groundwater level, which was then multiplied by specific yield. We used specific yield recommended by CGWB [7] , which was digitized by Asoka et al. [2] . We also estimated recharge (during monsoon season-JJAS) in groundwater using GRACE by subtracting pre-monsoon (May) GRACE groundwater storage anomaly from post-monsoon (November) anomaly.
To evaluate the contribution of precipitation in the monsoon season groundwater recharge and groundwater storage variability, we performed a linear regression analysis as described by Asoka et al. [2] using 12-months SPI (at the end of November) and standardized groundwater recharge anomaly (SRA, standardized recharge anomaly (using CGWB well observations); SGRA, standardized GRACE recharge anomaly). Moreover, to compute the contribution of precipitation in total groundwater storage variability, we performed a regression analysis using 12-month SPI and standardized groundwater storage anomaly (SSA, standardized storage anomaly (using CGWB well observations); SGSA, standardized GRACE storage anomaly) for 1996-2016. We performed the regression analysis by using both well and GRACE measurements to evaluate the contribution of precipitation in overall groundwater storage variability.
Results and Discussions

TWS and Groundwater Storage Changes
First, we analyze terrestrial water storage anomaly (TWSA) from GRACE, which represents all forms of water including groundwater, soil moisture, and surface water. We estimated changes in GRACE-TWSA for WI and the two states (Gujarat and Rajasthan) by taking a spatial average of GRACE-TWS anomaly. GRACE-TWSA shows a decreasing trend of − 0.59 cm/year in WI during 2002-2016 ( Fig. 1) . Moreover, we find a more noticeable decline in GRACE-TWSA over the north part of WI (Rajasthan) where TWSA decreases with a rate of − 1.22 cm/year (~− 4.17 km 3 /year). On the other hand, GRACE-TWSA has significantly (p-value < 0.05) increased with a rate of + 0.90 cm/year (~+ 1.76 km 3 /year) in Gujarat for the same period (Fig.1) . We find large variability in GRACE-TWSA in WI, which can be driven by precipitation as well as groundwater. These contrasting changes in GRACE-TWSA ( Fig. 1 ) in the two states (Gujarat and Rajasthan) provide us a basis to understand groundwater storage variability in WI and its deriving factors. We estimated GRACE groundwater storage anomaly for the 2002-2016 period after removing surface water storage (soil moisture and canopy storage) from GRACE-TWSA (Fig. 2) . We select the 4 months as CGWB observations are available four times in a year as reported by Asoka et al. [2] . We find that groundwater storage from GRACE has declined with a rate of − 3.67 km 3 /year between 2002 and 2016 in WI (Fig. 2) . In all the 4 months, the decline in GRACE groundwater storage anomaly is more prominent in Rajasthan partly because of either decline in precipitation or increase in groundwater pumping. For instance, we notice a significant (p-value < 0.05) decline (− 4.64 km 3 /year) in groundwater storage in Rajasthan. In contrast to the decline in groundwater storage in Rajasthan, we find an increase of + 1.96 km 3 /year in groundwater storage during 2002-2016 in Gujarat. These contrasting changes in groundwater storage in Gujarat and Rajasthan are consistent in GRACE groundwater estimated from different TWSA and soil moisture products (Figs. S7, S8) .
We find the differences in trends in observation wells and GRACE-based estimates especially for Rajasthan, where GRACE groundwater shows a decline while a majority of groundwater wells experience an increase (Fig. 2) . Based on the contrasting trends in GRACE groundwater storage in Rajasthan and Gujarat, we hypothesized that these changes are driven by groundwater pumping for irrigation from deep aquifers. Both the states in WI have a significant area irrigated with groundwater, which mostly happens using electric tube wells in deep aquifers. Gujarat has implemented a policy to curb groundwater-based irrigation by restricting a number of hours of electricity supply by providing a separate grid for the agriculture sector in the state. However, so far, any such restriction or policy that reduces the use of groundwater for irrigation has not been implemented in Rajasthan. Therefore, we say that if groundwater estimates from GRACE, which represents both shallow and deep groundwater, are not strongly coupled with precipitation in these two states, then groundwater abstraction becomes a dominating factor. We note that groundwater pumping for irrigation mainly occurs from deep groundwater (minor irrigation census). Therefore, the differences in well and GRACE groundwater storage variability are largely driven by groundwater variability in deep aquifers. Controlling groundwater abstraction through policy or otherwise can change groundwater storage variability and reduce the rate of depletion.
To understand if the groundwater storage variability in observation wells differs from GRACE-based estimates, we estimated observed groundwater well level (from CGWB) trends for the four (January, May, August, and November) months over the period of 1996-2016. We find that in the post-monsoon season (August and November), the majority of groundwater wells in WI show positive trends ( Fig. 3 ; Table 1 ). Groundwater storage in observation wells has significantly (p-value < 0.05) increased with the rate of 0.98 km 3 /year and 0.61 km 3 /year in Gujarat and Rajasthan, respectively during 1996-2016. Bhanja et al. [5] attributed the groundwater level increase entirely to the policy change in Gujarat during 2002-2014. Moreover, they [5] did not analyze the contribution of precipitation to groundwater recharge, and their analysis was mainly based on well data. The increasing trend in groundwater storage in observation wells in WI does [19] . Next, we estimate the relationship between GRACE groundwater storage anomaly and standardized well anomaly for the CGWB wells to examine groundwater storage variability in GRACE and in situ wells (Fig. 4) . Similar to the changes in groundwater storage from GRACE in Gujarat and Rajasthan, we find a contrasting relationship between GRACE and well groundwater anomalies. For instance, GRACE and well groundwater anomalies have a positive relationship (r = 0.64) for Gujarat. However, GRACE and well groundwater anomalies are negatively correlated (r = − 0.14) in Rajasthan (Fig. 4 ). This negative relationship in Rajasthan is attributable to groundwater storage variability exhibited by GRACE, which is due to over exploitation of groundwater storage from the deep aquifer for irrigation ( Fig. S9) . Therefore, decreasing GRACE groundwater storage anomaly in Rajasthan reveals that pumping form deep aquifer has increased. Groundwater storage from CGWB wells shows an increasing trend in Rajasthan. Since, well level is considerably driven by precipitation, therefore, the mismatch between well and GRACE during 2002-2006 and 2012-2016 can be explained on the basis of variability in precipitation in Rajasthan (Fig. 4c ). Previous studies [2, 38] reported a decline in groundwater storage in North India using the GRACE data and attributed the decline to groundwater pumping.
Long-Term Temperature and Precipitation Changes
To evaluate the role of climate in groundwater storage variability in WI, we estimated changes in climate (precipitation and temperature). We estimated trends in minimum, maximum, and mean surface air temperature using 0.25°gridded data for the period 1996-2016 ( Fig. 5e, Fig. S10 ). The areaaveraged (WI) mean annual maximum, mean annual minimum, and average annual temperature show an increase of 0.02, 0.03, and 0.03°C/year, respectively (Fig. S11 ). Western India (except the north part of Rajasthan) shows a significant increase (p-value < 0.05) in annual minimum temperature ( Fig. S10) , with an overall increase of 0.72°C during the past 21 years (1996-2016). Annual mean temperature has increased with a rate of 0.028°C/year (p-value = 0.10) and 0.027°C/year (p-value = 0.21) in Gujarat and Rajasthan, respectively ( Fig. 5e, f) . Central Gujarat and south-eastern Rajasthan experienced a significant increase (more than 0.66°C in the past 21 years, 1996-2016) in annual mean temperature. The effect of climate warming can be seen by a b c d Fig. 3 Well groundwater level trends (CGWB) for the months of a January, b May, c August, and d November computed using 21 years long-term data . Only wells with significant (5% level) increase or decrease have been shown here the changes in temperature. Increasing temperature partly leads to a high rate of ET, which is responsible for an increased water demand for irrigation. Our analysis shows that precipitation has increased at the rate of 5.35 mm/year in WI during 1996-2016. Moreover, we find that mean annual precipitation has significantly (p-value < 0.05) increased over Rajasthan with a rate of 7.54 mm/year during 1996-2016. An increase in precipitation in Rajasthan results in increased water availability of 2.6 km 3 (BCM) per
year. However, some part of western Rajasthan does not show increasing trends (Fig. 5b) . In Gujarat, mean annual precipitation has increased (with a rate of 5.46 mm/year, p-value = 0.739), which in turn has improved groundwater storage in the state. However, in south Gujarat, we find a substantial decline (more than 15 mm/year) in mean annual precipitation (Fig.  5b) . Therefore, proper attention is needed in this region for the management of water resources. Increased precipitation can improve groundwater storage in two ways: by directly a b c Fig. 4 Comparison of standardized GRACE GWS anomaly with the standardized well level anomaly. a Western India b Gujarat state. c Rajasthan. Using GRACE TWS anomaly (ensemble) and ensemble of three LSMs (CLM, NOAH, and VIC) data (see "Data and Methods"). The correlation coefficients (r) have been mentioned in the figure , and the shaded area shows error in standardized GRACE and well level anomaly, ± standard deviation enhancing groundwater recharge and by indirectly reducing groundwater pumping for irrigation. Our results are consistent with previous studies [24, 25, 28] that reported an increase in precipitation in WI. Overall, we find both precipitation and air temperature has increased in WI during the period of 1996-2016.
Relationship of Groundwater Level with Precipitation and Temperature
Next, we evaluated the relationship between climate and groundwater storage in WI to identify if precipitation and temperature strongly influence groundwater storage. The relationship between temperature and groundwater storage was established only for the groundwater (from CGWB wells) as GRACE captures the groundwater variability from the deeper aquifers that may not be strongly coupled with air temperature. Using correlation analysis, we find that maximum temperature (T max ) is strongly (in comparison with T min and T mean ) associated (r = − 0.36) with the change in groundwater level. Negative correlation shows the inverse relationship between temperature and groundwater level, which is expected.
In WI, precipitation is the primary source of groundwater recharge [3, 7] . We obtained a linear relationship (r = 0.86) between 12-month SPI and standardized well anomaly for January, May, August, and November (Fig. S12a) . The relationship between precipitation and groundwater level anomaly shows that groundwater from observation wells in WI is strongly coupled with a change in precipitation as shown by the Granger causality test (Table S1 ).
We established the relationship between GRACE groundwater storage anomaly (to account overall groundwater) and 12, 24, and 36-month SPI (Fig. S13 ). We do not find a positive linear relationship of precipitation with GRACE groundwater storage (GRACE anomaly) for Rajasthan in contrast to observation well groundwater storage anomaly (Table S1 ). Here, we can infer that GRACE groundwater in Rajasthan is profoundly influenced by pumping. In Gujarat, a reasonable relationship (r = 0.64, 0.59, 0.51 between GRACE groundwater storage anomaly and 12-, 24-, and 36-month SPI, respectively) implies that in Gujarat, GRACE groundwater is less affected by pumping in comparison with Rajasthan. As the irrigated area (%) by groundwater in both the states (Rajasthan and Gujarat) is almost the same (see "Data and Methods"; Fig. S9 (b) ), this contrast in the relationship between SPI and GRACE groundwater can be attributed to pumping. Moreover, groundwater rejuvenation in Gujarat can be due to a reduction in pumping or an increase in groundwater recharge. In both the states, precipitation has increased. However, GRACE groundwater was showing an increase only in Gujarat but not in Rajasthan. Therefore, we can confirm that policy related to electricity supply and increased precipitation have resulted in an increased groundwater storage in Gujarat, while increased precipitation has rejuvenated shallow groundwater as reflected by the well observations in the state.
Contribution of Precipitation in the Monsoon Season Groundwater Recharge and Total Storage Variability
To estimate the contribution of precipitation in monsoon recharge and groundwater storage change, we fit linear regression (R 2 ) between precipitation (12-month SPI) and standardized groundwater storage anomaly (from CGWB and GRACE) ( Fig. 6 groundwater recharge in shallow aquifers (0-40 m) of Gujarat and Rajasthan, respectively ( Fig. 7) . For GRACE groundwater, mean annual precipitation contributes about 70% and 21% (Fig. 8) to the monsoon season groundwater recharge and groundwater storage, respectively in WI. We find that mean annual precipitation explains only 21% of the total variance of groundwater storage in WI, which suggests that GRACE groundwater is more strongly coupled with pumping in Rajasthan. However, we find that mean annual precipitation explains about 44% and 42% variance of groundwater recharge and storage in Gujarat ( Figs. 6 and 8 ), which can be attributed to the rejuvenation of groundwater in the state.
Summary and Conclusions
We examined the groundwater storage variability in WI using observations and satellite data. We used in situ well data from CGWB and GRACE satellite to evaluate the role of precipitation and policy measures on groundwater storage variability in western India. We find contrasting patterns in groundwater variability based on the two (well and GRACE) datasets for Rajasthan. For instance, observation wells showed an increasing trend while GRACE data showed a declining trend in groundwater storage in Rajasthan. On the other hand, for Gujarat, both well and GRACE observations showed consistent results.
Based on our findings, the following conclusions can be made:
1) TWS estimated from GRACE has declined in WI during 2002-2016. GRACE-TWS has declined in Rajasthan (~− 4.17 km 3 /year) and increased in Gujarat (~+ 1.76 km 3 /year) between 2002 and 2016. We find that GRACE groundwater storage declines with a rate of − 3.67 km 3 /year between 2002 and 2016 in WI. We find a significant (p-value < 0.05) a b c Fig. 7 Contribution of precipitation in well groundwater (using CGWB data) storage. Linear regression between 1.) 12month SPI (at the end of November) and SRA 2.) 12month SPI (for the months January, May, August, and November) and SSA averaged over a WI, b GJ, and c RJ decline (− 4.64 km 3 /year) in groundwater in Rajasthan and an increase of + 1.96 km 3 /year during 2002-2016 in Gujarat. 2) GRACE and well based on groundwater anomalies showed a positive relationship (r = 0.64) for Gujarat while a negative relationship (r = −0.14) for Rajasthan. The negative relationship is mainly due to groundwater abstraction from irrigation. 3) Precipitation has increased at the rate of 5.35 mm/year in WI during 1996-2016. We find that mean annual precipitation has significantly (p-value < 0.05) increased at a rate of 7.54 mm/year in Rajasthan, while Gujarat experienced a non-significant increase of 5.46 mm/year between 1996 and 2016. 4) To improve groundwater storage in semi-arid regions, the amount of pumping has to be reduced through policy or otherwise (by changing cropping patterns, improving irrigation efficiency, or through artificial groundwater recharge). Improvements in groundwater in Gujarat can be attributed to a smaller number of deep tube wells as well as to the policy measures taken to reduce the amount of groundwater pumping. a b c Fig. 8 Contribution of precipitation in GRACE groundwater storage. Linear regression between 1.) 12-month SPI (at the end of November) and SGRA 2.) 12-month SPI (for the months January, May, August, and November) and SGSA averaged over a WI, b GJ, and c RJ
